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Abstract  
    The airflow distribution and thermal comfort of human beings in civil aircraft 
cabin are influenced by many factors such as the ventilation mode, ventilation air 
volume, and supply air temperature and so on. Among these factors, the choice of 
ventilation mode in the civil aircraft cabin is also restricted by the interior and 
aesthetic designs. Yet few researches noticed the impact of these designs on cabin air 
distribution. In this paper, an optimization design method for the air distribution mode 
of civil aircraft will be discussed based on Computational Fluid Dynamic (CFD) 
method and Micro-Genetic Algorithm (Micro-GA). Two interior design structures 
with different luggage bin and light band will be used to investigate their influence on 
the design of air distribution mode. In this optimization, the position of air supply 
inlets and the supply air angle are defined as the optimization variables. The Predicted 
Mean Vote (PMV) and the air age are specially chosen as the objective functions. The 
relevant regulations for cabin temperature uniformity are determined as the thermal 
constraint conditions. The study results show that the presented method can ensure the 
convergence of optimization process. The Pareto Optimal Frontiers (POFs) can be 
obtained from this multi-objective optimization. The POFs can present the 
relationship of two objective functions. The preferred air distribution mode coupled 
different interior designs can be efficiently recommended from the optimization 
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results.  
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Nomenclature 
Symbol definition 
ρ density 
t time 
x, y, z index of coordinates 
u, v, w flow velocity in the directions of x, y and z axis 
V

 velocity vector 
p pressure 
μ dynamic viscosity 
S external source term 
T temperature 
λ thermal conductivity 
cp constant pressure ratio heat capacity 
k kinetic energy of turbulence 
ε dissipation rate of the turbulent kinetic energy 
Γk2 effective diffusivity of k 
Γε2 effective diffusivity of ε 
Gk2 generation of k due to mean velocity gradients 
Gb generation of k due to mean buoyancy 
C1ε, C3ε, *2C   constants 
YM fluctuating dilatation in compressible turbulence 
K turbulence kinetic energy 
Z*, U*, K*, T* normalized values of z, v, K, T 
θ,  relative error and average relative error 
KSim,USim,TSim simulation values of K, v and T 
KExp,UExp,TExp experimental values of K, v and T 
l projected length 
α supply air angle 
P detective point  
ϕ,   air age and its average value 
PMV, PMV  PMV  and its average value 
ΔTH horizontal temperature difference 
ΔTV vertical temperature difference 
  
Subscripts  
i ith passenger 
j jth detective point location 

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1 Introduction 
The cabin environmental comfort is becoming an important factor for passengers 
to choose their travailing airline [1~3]. Under this trend of development, the study of 
cabin environmental quality is pain more attention. In recent years, two famous 
research projects, Friendly Aircraft Cabin Environment (FACE) and Ideal Cabin 
Environment (ICE), were carried out by Europe governments [4]. Moreover, many 
airline companies including Airbus and Boeing also considered the cabin environment 
as a key competition factor. Therefore, the study of cabin environment comfort in the 
civil aircraft cabin is becoming a significant work for the designer of civil airlines. 
The thermal environment has a very important influence on the comfort 
sensation of passengers. The thermal model of civil aircraft is very complex because it 
includes high crew density and different heat exchange patterns [5]. Consequently, 
many experimental and numerical researches were conducted under the assumption of 
static state. Based on this assumption, the air distribution in cabin is usually 
influenced by position of inlets, air supply angle and air temperature and other 
ventilation parameters [6~7]. 
There are many indexes to evaluate the cabin thermal environment [8]. The PMV 
index is the most widely used thermal comfort index. The PMV model is proposed on 
the base of the body heat balance theory and a lot of experimental data in an artificial 
climate laboratory. It is a model including many key factors such as air pressure, 
humidity, temperature and velocity. The PMV equation for thermal comfort is a 
steady-state model. The equation uses a steady-state heat balance for the human body 
and postulates a link between the deviation from the minimum load on heat balance 
mechanisms and thermal comfort vote. The International Standards Organization (ISO) 
7730: 2005 uses limits on PMV as an explicit definition of the comfort zone [9].  
Beside experimental way, the CFD technology is also another way to obtain the 
min minimum value 
max maximum value 
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field function of PMV [10]. Early scholars studied the indoor air flow and distribution 
in the cabin without human models. Experimental data sampled from empty cabin 
was used to certify their studies [11~12]. Singh et al. used some cylinder models to 
represent human beings and inserted them into the cabin [13]. They compared airflow 
in the cabin with human models with that in an empty cabin. The results presented a 
huge difference which indicated that airflow in an empty could not be adopted to 
simulate the air distribution in a real airplane.  
Nowadays almost all the researchers would build the human models when they 
conducted experimental and numerical researches in the cabin environment. Kana 
Horikiri et al even assembled furniture to calculate their radiation effect to human 
models in the indoor environment [14]. Zhao Zhang et al. investigated the contaminant 
transport in a double-channel aircraft cabin [15]. Their paper concluded that the 
numerical result quantitatively agreed with the experimental result, while the 
complete consistency was very hard to be realized. 
In recent years, scholars proposed some new air distribution patterns for the civil 
aircraft cabin and some new patterns also present a great performance. Zhang and 
Chen proposed a ventilation pattern that injected the fresh air from the inlets at the 
bottom of cabin and exhausted it at the ceiling zones [16]. Pang conducted an 
experiment and employed a flow visualization method with green laser to verify the 
performance of this air distribution pattern [17]. While new patterns often have a 
requirement for the adjustment of pipeline system in the airplane, and it dramatically 
restricts their application when considering the economic efficiency. 
The best way to design an air distribution system is to start with the design 
objectives. An inverse design method can achieve the desirable enclosed environment 
with a series of evaluation [18]. The inverse design can be further divided into 
backward methods and forward methods. The Genetic Algorithm (GA) is a typical 
forward optimal method. In recent years, many scholars focused on the research of 
CFD inverse optimization. Their results are rich and constructive. Chen, Zhai, Zhang, 
Liu, et al. carried on pioneering researches about the inverse design of enclosed 
environments [19~21]. 
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The air environment design in an aircraft cabin should follow some standards. 
The airworthiness standards are mandatory standards [22]. But it only roughly specifies 
air parameters in its 25.831 section. The cabin environment comfort is not forcibly 
regulated in the airworthiness standards. With the market competition, this factor 
really needs to be considered carefully. Therefore, some non-mandatory standards are 
often adopted. The well-known ASHRAE 55 and ISO7730 standards can evaluate the 
indoor thermal comfort [8][23]. The SAE ARP 85 and the ASHRAE 161-2007 are often 
used for the civil aircraft [24~25]. They specify cabin air parameters in detail. Some 
countries also use their own aviation industry standards.  
Beside the heat comfort, the airflow uniformity is another important index to 
evaluate the design of cabin environment. The horizontal and vertical temperature 
differences are often used as the evaluation basis. The SAE ARP 85 only requires that 
the variation in temperature in a cabin zone with stabilized conditions should not 
exceed 2.8℃, measured in a vertical plane from 5cm above floor level to seated head 
height. The ASHRAE 161-2007 requires that the horizontal operative temperature 
variation across each temperature control zone:<4.4℃, and the vertical operative 
temperature variation within a seat (seat centerline):<2.8℃ variation in temperature 
measured at 100mm, 610mm and 1090mm. In the reference [26], the vertical 
temperature difference in any cabin zone should not exceed 3.5℃, and the horizontal 
temperature difference should not exceed 2℃. 
Recently, the aesthetic and interior decoration is fast developed. This trend 
promotes the designers considering the influence of the aesthetic and interior 
decoration on the ventilation design. These two design works have a strong coupling 
relationship. However, there is little any effective coupling design method. In this 
paper, a CFD optimization method will be discussed fully considering the coupling 
design.  
2 Research methods 
The main objective of our study is to optimize the air distribution mode for civil 
aircraft cabin. The following describes the research methods used in the CFD 
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modeling and optimization process. 
2.1 Numerical method 
The air flow and energy transportation are controlled by a series of governing 
equations. In the cabin environment, the velocity and turbulence of airflow keep at a 
relatively low level. The Reynolds-Average Navier Stokes (RANS) equations together 
with the RNG k-ε turbulence model are suitable to solve the air flow and energy 
transportation [27~28]. The basic control equations are as follows.  
Continuity equation: 
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RNG k-ε turbulence equation[24]: 
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For the RNG k-ε model in the Fluent software, the SIMPLE algorithm is used to 
solve the pressure and velocity in the Fluent software. The PRESTO! scheme is 
adopted for pressure discretization and the first-order upwind scheme for all the other 
variables. The constant terms in the above equations are clearly listed in some 
literatures [28~29]. 
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2.2 Micro-GA 
The time consume of CFD calculation will be very enormous. In order to 
efficiently obtain the final optimization results, an optimization algorithm named 
Micro-GA is adopted in our study [30]. It will greatly decrease the working load and 
calculating time. Different from the other genetic algorithms, the Micro-GA includes 
fewer individuals in each generation and has a higher convergence rate.  
In this study, the Micro-GA is programed in the modeFRONTIER software. The 
Micro-GA will analyze the objectives of individuals in the last generation 
automatically, and then generate and import new optimization variable into the CFD 
software. In this process, only five individuals are generated in each generation. The 
position of ceiling inlets, li, is taken as the optimization variable. Fig.1 shows the 
integrated optimization procedure controlled by the Micro-GA. The aim of 
optimization process is to obtain the optimal position of inlets. 
   1 2( ) ,f l l lf f  
51 2 3 4, , , ,l l l l l l  

il
 
Fig.1. Optimization procedure of the Miro-GA 
By analyzing CFD calculation results, the Micro-GA automatically picks the 
local optimal individual in the father generation and transports it directly to the 
off-spring generation. The remainder four individuals of father generation generate 
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four new individuals for the off-spring generation by crossover and mutation. The 
whole program will run automatically until it obtains its global optimal solution.  
2.3 Optimization method for air distribution system 
The comprehensive environmental comfort is a subjective feeling of passenger, 
and it will be influenced by many factors. Among these influential factors, the thermal 
comfort and the interior design have main effects. The two aspects have a close 
relationship during their design process. The cabin thermal environment is formed by 
the air distribution system. But its inlet position and air supply angle are strongly 
constrained by the cabin interior design. The interior design of civil aircraft cabin 
mainly contains internal layout, luggage bin type, lighting solution and other factors. 
These factors will conversely impact on the design of air distribution system. 
The cabin internal structure may be a single-aisle structure or a twin-aisle 
structure. The luggage bin type can be classified a pushing-up type or pulling-down 
type according to its open way, as shown in Fig.2(a) [31]. In recent years, the ceiling 
lighting design has become an essential part for the interior aesthetic design. 
Innovative lighting aesthetic solutions are gradually applied to some modern aircrafts. 
In turn, they influence the design of air distribution mode strongly, as shown in 
Fig.2(b).  
   
(a) Luggage bin types 
   
(b) Innovative aesthetic solutions 
Fig.2. Internal designs of civil aircraft 
With the improvement of interior design of aircraft cabin, the air distribution 
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mode is gradually restricted by the above design factors [32]. Improper design of air 
distribution mode will lead to a bad thermal environment in aircraft cabin. Hence, the 
inlet position and supply air angle need to be considered carefully. In this paper, an 
optimization method of air distribution mode coupled interior design for civil aircraft 
will be presented considering these requirements. This method is shown in Fig.3. 
 
Fig.3 Optimization method of air distribution mode 
The optimization method of air distribution mode mainly includes the following 
three steps: 
Step 1: Cabin interior structure analysis 
Before to optimize an air distribution mode for a civil aircraft cabin, its cabin 
internal structure and luggage bin type should be analyzed firstly, and then the 
preliminary optimization interval of inlet positions of air distribution system should 
be determined in this step.  
Step 2: CFD cabin model with parameterized ceiling inlets 
The geometric model of cabin is built with the CATIA software. The wireframe 
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and surface function needs to be used to realize the parameterization of ceiling inlet 
positions, which will support the automatic implementation of optimization process.  
In addition, the boundary conditions of CFD model should be also carefully 
determined according to the airworthiness and other regulations.  
(1) Velocity boundary condition: The mass flow rate of fresh air is determined 
by the airworthiness standard and the number of passengers [33]. The inlet velocity 
values can be accordingly calculated when the inlet area and the air supply amount are 
given. 
(2) Temperature boundary conditions: The inlet temperature can be calculated 
when the heat loads have known. The temperature values of floor, ceiling, window 
and sidewalls can specified according to the measured data.  
(3) Heat sources: The main heat sources include passengers, lights and so on. 
The metabolic rate of human bodies in a civil aircraft cabin is close to the value of 
sitting state.  
Step 3: Optimization of air distribution mode 
In this step, it is very important to determine the objective functions and 
optimization variables, reasonably. In this study, the minimization of the average air 
age and the minimization of the average absolute PMV are chosen as the objective 
functions. The optimization variables are the position of inlets and the air supply 
angle.  
The Micro-GA will be used to obtain the solution set 1 of this optimization 
question [21~22]. Then some extra CFD simulation results of specified air distribution 
modes will be added in the solution set 1 to form the solution set 2, which will be the 
final pareto optimal solutions. The Pareto Optimal Fronts (POFs) will also be 
obtained correspondingly. 
Although the preferred air distribution mode can be determined from the POFs, it 
should satisfy multiple design constraints at the same time. In this optimization study, 
there are three types of constraint conditions. They are thermal, structure and interior 
design constraint conditions. The internal structure and interior design will be coupled 
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to determine the optimization interval of inlet position, l∈[lmin, lmax]. Thermal 
constraint conditions are specified by the SAE ARP in this paper [24]. In our study, the 
horizontal and vertical temperature differences are specially focused on.  
In the next section, some typical cabin configurations of single-aisle B737-800 
aircraft will be used to explain the above optimization method for air distribution 
mode coupled interior design. 
3 CFD model of civil aircraft cabin with parameterized inlets 
3.1 Geometric models of civil aircraft cabin 
Two typical cabin configurations of single-aisle B737-800 aircraft will be 
illustrated as an example in this paper [34]. Only a symmetric half passenger cabin is 
established due to the calculation load of optimization process. As shown in Fig.4, the 
two models have same shell configuration and different structures of luggage bin, Bin 
1 and Bin 2. Bin 1 is a traditional pushing-up type and its bottom is horizontal 
structure, which makes the cabin space low and cramped. Bin 2 is a new pulling-down 
type and its bottom is upward arc structure, which makes the space large and spacious. 
The number of passengers is 15 in our model. 
 
(a) Bin 1                              (b) Bin 2 
Fig.4 Cabin geometric model 
For the air distribution mode in a single-aisle aircraft, there are two kinds of air 
inlets, the ceiling inlets and the lateral inlets, as shown in Fig.5. A discontinuous air 
supply inlet structure is adopted in our study to avoid the Coanda effect in fluid 
mechanics. The size of every ceiling inlet is 87mm length and 20mm width. The 
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center distance between two air outlets is 87mm. Two columns of air supply inlets are 
symmetrically arranged along the ceiling axis. Air supply angle, α, will be used in the 
following analysis, and it is the angle between the supply air direction and the Z axis. 
The two rows of lateral inlets are symmetrically arranged on both sides of cabin. The 
size of every lateral inlet is 100mm length and 10mm width. Cabin air is exhausted 
from the outlets at the bottom of each side wall. The size of outlet is 4400mm length 
and 330mm height. 
 
Fig.5 Cross section diagram 
3.2 Grid data and convergence conditions 
In this paper, an unstructured grid is used to mesh the CFD model. The cost of 
computing time caused by the increase of grid is very huge. Therefore, the basic grid 
size is finally determined as 0.02m after the grid independence test. In this case, y+ 
value is less than 30. In order to ensure the accuracy of numerical calculation around 
the air inlets, the refined grids are used for these positions at air inlets and its change 
regions. The refined grid sizes for the inlets and their change regions are 5% and 10% 
of the basic grid size, respectively. The number of grids is finally about 4.15million.  
The solutions are considered to be converged when the sum of the normalized 
residuals for all the cells become less than 10-6 for energy and 10-3 for all other 
variables. 
3.3 Boundary conditions 
For every mode, the boundary and initial conditions are strictly same. Three 
types of boundary conditions will be used as follows.  
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1) Conditions of inlets and outlets  
Normally, the ventilation system should provide at least 250 grams of fresh air 
per passenger per minute [22]. The supply air is composed by 50% of the fresh air and 
50% of the recirculation air. Hence, the volume flow rate of total air can be 
determined when the number of passengers is given. Then the velocity boundary can 
be determined when the inlet area and distribution ratio are known. In our study, the 
velocities of ceiling inlets and lateral inlets are finally calculated as 2.9m/s and 0.7m/s, 
respectively. Since the air inlets were set as the boundary condition of velocity, the 
outlets were defined as the boundary condition of free outflow. 
2) Temperature boundary conditions 
    The temperature of supply air is 19℃ in all modes. The cabin walls are set as 
the condition of constant wall temperature according to our measured data on board. 
The temperature values for floor, ceiling and sidewalls are specified as 24℃, 22℃ 
and 23℃, respectively. 
3) Heat flux boundary conditions 
The heat sources in the cabin mainly include passengers, lights, and so on. 
During a cruise process, passengers mostly keep in sitting state. The metabolic rate of 
human bodies in the simulation cases should be close to the value of sitting state. 
Considering some walking passengers in the cruise phase, the human metabolic rate is 
set as 65W/m2 in this paper [35]. The heat dissipation of lights is 12.5W. The surfaces 
of 15 human models and lighting will conduct convection heat transfer and radiation 
heat transfer with the cabin air. 
3.3 Verification of numerical model 
Although modern CFD technology can efficiently shorten the time and economic 
cost, it still needs to verify its accuracy using the experimental results [25~26]. Since the 
experimental data from our previous experiment were insufficient for the validation, 
the data derived from a cabin experiment of Purdue University is used to verify the 
numerical model in this study [36~37]. This experiment proceeded in a cubic cabin. Its 
length, width and height were 244mm, 244mm and 244mm, respectively. The whole 
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cabin, shown as Fig.6(a), was built with insulation materials. The inlet slot with 
30mm height and 244mm length located at the top of the wall. On the opposite wall, 
an exhaust slot with 80mm height and 244mm length was set near the floor. Supply 
air was ejected into the cabin with a volume flow rate of 0.01m3/s and a temperature 
of 22.2℃. A small cube with 122mm×122mm×122mm was put in the center of the 
cabin to simulate occupants and chairs. Its dissipate heat was 700W, and the 
temperature of the cub surface was kept at 36.7℃. Ten detective lines perpendicular 
to X-Y coordinate plane were set to monitor the temperature, air velocity and 
turbulence kinetic energy of corresponding locations, as shown in Fig.6(b).  
     
(a) Cabin structure              (b) Main view                 (b) Top view 
Fig.6. Structure of experiment cabin and distribution of detective lines 
Same simulation model was built with an adiabatic condition for the cabin wall 
boundaries. Simulation data on the ten detective lines was compared to the respective 
experiment data. For a clear display of each parameter, height value Z, air velocity V 
and turbulence kinetic energy K were all normalized by their maximum values, which 
were 2.44m, 1.5m/s and 0.05m2/s2, respectively.  
Since the temperature, turbulence and velocity can characterize the main features 
of air flow in the cabin [38], they will be analyzed in details. The temperature, T, is 
normalized by the following formula: 
   * min max min/T T T T T                            (5) 
Tmin is the inlet air temperature, 22.2℃. Tmax is the surface temperature of the box 
36.7℃. The normalized values were presented as Z*, U*, K* and T*. Only comparison 
results of detective line 1 are demonstrated in Fig.6 because the results of other 
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detective lines are similar to it. Fig.7 shows that our simulation results have a good 
agreement with the experimental results, which illustrates that our CFD model is 
feasible to simulate the thermal environment in aircraft cabin. 
       
(a) Temperature    (b) Turbulence kinetic energy   (c) Velocity 
Fig.7. Comparison results of detective line 1 
The relative error can be represented as:  
                            (6) 
where  is the relative error at point j of line 1;  represents KSim, USim and TSim 
at point j of line 1;  represents KExp, UExp and TExp at point j of line 1; j 
represents the point index, j=1,2,3…16. 
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θ θ
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when  represents the average relative errors. 
The results of error analysis show that the average relative errors of the air flow 
velocity, the turbulent kinetic energy and the air temperature are 26.2%, 22.1% and 
4.4%, respectively. Because the air velocity and turbulent kinetic energy are relatively 
small, the order of magnitude is 10-2 and 10-3, respectively. So a small disturb will 
produce a relatively large relative error. But the above value is not more than 30%. 
The maximum temperature error is only 1.5℃, and its relative error is very small.  
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3.4 Optimization position interval of inlets 
The positions of lateral inlets are usually above the window and down the bin. It 
is unnecessary to optimize its position. The position of ceiling inlets will essentially 
affect the air distribution and thermal environment in the cabin. As illustrated in Fig.8, 
the possible design position of ceiling inlets in the half of cabin may be from the 
ceiling boundary to the ceiling axis. This ceiling curve is an irregular curve. In order 
to show the design position of ceiling inlets clearly, the irregular curve is projected to 
the horizontal axis and forms a projected length, l. Although l∈[0,700mm] in our 
study, the ceiling inlets cannot very near the ceiling boundary and the ceiling axis. In 
addition, the supply air angle and the internal structure will together decide the final 
optimization interval of inlet position, l∈[lmin, lmax]. Hence,  l∈[lmin, lmax] will be 
used in the following discuss.  
 
(a) Main view                                  (b) Top view 
Fig.8 Position range of ceiling inlets in the half of cabin 
The position parameters of ceiling inlet will be built using the special module 
of wireframe and surface design in CATIA to realize their parameterization, which 
can ensure that the inlet positions can be automatically adjusted in CFD simulation by 
the optimization method. 
3.5 Preliminary air distribution modes 
Two types of luggage bins with different lighting solutions will be used to 
discuss the optimization method. The preliminary air distribution modes, as shown in 
Table 1, will be considered in the following study. The lateral inlets are same in these 
modes, and are not shown in Table 1. 
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For Bin 1, five modes will be discussed according to the possible light bands and 
internal design.  
 Mode A1 is a specified traditional air distribution mode. The fresh air is 
supplied into the cabin from the ceiling inlets just above the bin. α can be 30°, 
45° and 60°, respectively. 
 In Mode A2 to Mode A5, the ceiling inlets are placed on the ceiling, and α can 
be -30°, 0°, 30° and 45°, respectively.  
The preliminary air distribution modes for Bin 2 are same as the ones in Bin 1. 
Table 1 Studied modes 
Bin structure Mode Illustration α Notes 
Bin 1 
Mode A1 
 
30° 
45° 
60° 
Specified 
mode 
Mode A2 
 
-30° 
Optimizati
on mode 
Mode A3 0° 
Mode A4 30° 
Mode A5 45° 
Bin 2 
Mode B1 
 
30° 
45° 
60° 
Specified 
mode  
Mode B2 
 
-30 
Optimizati
on mode 
Mode B3 0° 
Mode B4 30° 
Mode B5 45° 
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4 Optimization procedure 
The optimization in this study aims at finding the optimal position for ceiling 
inlets under different interior design conditions and different supply air angles. The 
optimization method of Micro-GA is adopted to obtain the preferred results. 
4.1 Optimization variable 
Position of air supply inlets, l, and supply air angle, α, are defined as the 
optimization variable. Because of a huge computing load for the CFD simulation 
optimization, two optimization variable ranges are different in our study. The range of 
l is continuous and the range of α is discrete. 
l∈[lmin, lmax] 
α=(α1, α2, α3, α4)= (-30°, 0°, 30°, 45°) 
The supply air angle, the internal structure and the other interior design will be 
coupled to determine the optimization interval of inlet position, l∈[lmin, lmax]. The 
influence of the first two terms on [lmin, lmax] is shown in Table 2.   
Table 2 Relationship between a, bin type and [lmin, lmax] 
Bin 1 Bin 2 
Mode α [lmin, lmax] Mode α [lmin, lmax] 
Mode A2 -30° 10-610 Mode B2 -30° 10-670 
Mode A3 0° 30-670 Mode B3 0° 10-670 
Mode A4 30° 100-670 Mode B4 30° 50-670 
Mode A5 45° 200-670 Mode B5 45° 100-670 
 
For a well-designed optimization program, l should be regulated automatically. l 
has to be parameterized. This function will be realized by the special module of 
wireframe and surface design in the CATIA. After parameterization, the inlet 
positions can be automatically adjusted in CFD simulation by the optimization 
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method.  
4.2 Objective functions 
The choice of evaluation objective functions is very important for the 
optimization of cabin thermal environment. In our study, two objective functions are 
chosen for the evaluation. One objective function is the famous PMV [39]. It includes 
many key factors such as humidity, temperature and velocity, but does not involve the 
air quality factor. Another objective function is chosen as the air age, ϕ, which 
represents the residence time of the airflow at specific position. With the passive 
scalar concept in CFD [40~41], air age can be easily obtained. 
The PMV model can be established to assess thermal sensation with sea level 
pressure and a proper RH. But for an aircraft cabin environment, its cabin pressure 
and RH are lower than normal specified standard [23][42]. Therefore, a corrected PMV 
model is used in this paper [43]. The value of RH is assumed as 30% considering the 
relatively dry cabin environment in our study. The thermal insulation of clothing is set 
as 0.9clo in a spring flight condition. The radiation temperature is finally set as 21℃ 
for our PMV calculation. 
The optimization objective functions will be calculated by the detective points 
that are built around the occupant models. Six occupants in the middle row are 
specially chosen to set these detective points. For every occupant, there are three 
detective points, Pij. The subscript i represents the passenger index, i=1, 2,…, 6. The 
subscript j represents the location of detective points as shown in Fig.9, j=1, 2, 3. The 
heights of Pij are 50mm, 690mm and 1100mm
 [25]. 
Pi1100mm
Pi2100mm
Pi3
100mm
50mm
1100mm
690mm
       
Fig.9 Detective points around occupants 
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In the same way, ϕij and PMVij can be defined. Further, ijPMV  represents the 
absolute value of PMVij. The objective functions can be described as follows:  
(1) Minimization of average air age, min( ) :  
6 2
1
1 1
1 1
( ) min( ) min
6 2
ij
i j
f l  
 
  
    
   
                       (8) 
(2) Minimization of average absolute PMV, min PMV : 
6 3
2
1 1
1 1
( ) min min
6 3
ij
i j
f l PMV PMV
 
  
    
   
                   (9) 
4.3 Optimization step 
Our numerical model has a same size with the real aircraft cabin. Five rows of 
passengers in the cabin are built in this study, and its quantity of mesh is more than 
five million. The quantity of surface mesh is very huge even just for once CFD 
simulation in the Fluent software. This will be a huge calculation load for the studied 
CFD simulation optimization.  
The calculation time costs five hours just for one numerical model with 5 million 
grids. However, there will be hundreds of numerical models in an optimization 
process. Therefore, the time consume will be very enormous. In order to efficiently 
obtain the final optimization results, the Micro-GA in modeFRONTIER software is 
combined with the Fluent software in our optimization study. For a given air supply 
angle, α, the whole program will run automatically until it obtains its global optimal 
solution. The global optimal solution is the solution set 1 in Fig.3. Then the extra CFD 
simulations will be conducted for the specified air distribution modes. Their 
simulation results will be added in the solution set 1 to form the solution set 2 in 
Fig.3. 
4.4 Constrain conditions 
For the multi-objective optimization, it usually has a series of optimal solutions, 
that is the solution set 2. Its POFs can be determined accordingly. Next, the designers 
will determine the preferred designer points according the constrain conditions. 
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In this study, the thermal constraint conditions are chosen according to the 
specification in the HB 7489-2014 and the SAE ARP 85-2012 [27][30]. Two temperature 
differences are adopted to evaluate the thermal performance of optimization results. 
They are the horizontal temperature difference, ΔTH, and the vertical temperature 
difference, ΔTV. As shown in Fig.9, three passengers from one side of the cabin in the 
middle row are taken to obtain the detective values, and the above indicators are 
refined as follows: 
ΔTH1 =|T12-T22|, ΔTH2 =|T22-T32|, ΔTH3 =|T12-T32|            (10) 
ΔTV1 =|T11-T13|, ΔTV2 =|T21-T23|, ΔTV3 =|T31-T33|            (11) 
    The temperatures in Eq. (3) and (4) can be uniformly explained with the 
definition of Tij, as shown in Fig.9. The SAE ARP 85-2012 requires ΔTH ≤ 2 ℃ and 
ΔTV ≤ 2.8 ℃, then: 
ΔTH =max(ΔTH1, ΔTH2, ΔTH3) ≤ 2 ℃                 (12) 
ΔTV =max(ΔTV1, ΔTV2, ΔTV3) ≤ 2.8 ℃                 (13) 
Interior design constraints include the location of the light band and the aesthetic 
design of ceiling, and so on. The location of the light band and the aesthetic design 
requirement for the ceiling will be used together to select the final preferred design 
points from the solution set 2 of POF.  
5 Optimization result analysis 
5.1 Solution set 2 of Bin 1 
Optimization procedure conducted 7 generations and nearly 40 optimal 
calculations in every case from Mode A2 to Mode A5. Fig.10(a) ~ Fig.10(d) show the 
optimization results of Bin 1 when α=-30°, 0°, 30°and 45°, respectively. In these 
figures, X-axis expresses min( )  and Y-axis expresses min PMV . The numbers 
near circles represent the design point index in the optimization. The size of circle 
denotes the generation index of optimization. The smaller the circle is, the higher its 
generation number. The red lines indicate the POFs.  
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Fig.10 2-D scatter plots of solution set 2 of Bin 1 
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From Fig.10, the following conclusions can be drawn: 
(1) The objective function values keep decreasing along with the proceeding of 
optimization. This demonstrates that the Micro-GA method can efficiently promote 
the optimization procedure to obtain the optimal solution.  
(2) The value range of min PMV  in the above optimization cases is very close 
from 0.1~0.6. However, the value range of min( )  in the above optimization cases 
are obvious different. 
(3) The red lines in the sub-graphs are the POFs. Those design points on and 
near the POFs might be the possible optimization solution. The final preferred design 
points should be chosen from those design points coupling with the constrain 
conditions. 
(4) The difference of optimization results between Fig.10(c) and Fig.10(d) is not 
obvious, and their optimization results are in good agreement. 
(5) The optimal points are a22, a28, a29 and a30 in Fig.10(a). The optimal points 
are b28, b29, b31, b33 and b34 in Fig.10(b). The optimal points are c28, c30, c31 and 
c33 in Fig.10(c). The optimal points are d24, d29, d32 and d33 in Fig.10(d). 
The chosen optimal points should be further refined using the constrain 
conditions. The horizontal temperature difference, ΔTH, and the vertical temperature 
difference, ΔTV, are used firstly. The information is shown in Fig.11 and listed in 
Table 3. In this table, S30, S45 and S60 represent three results of the specified traditional 
air distribution modes in Mode A1 when a=30°, 45° and 60°, respectively. 
 
Fig.11 ΔTH and ΔTV for the chosen optimal points. 
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From Fig.11 and Table 3, we can observe that: 
(1) No design points satisfy the constrain conditions in Mode A2 and Mode A3, 
and their vertical temperature differences are bigger than 2.8℃. These two design 
modes are inadvisable. Hence, supply air angles, -30° and 0°, are not recommended 
for the luggage structure of Bin 1 when ceiling inlets are arranged from the ceiling 
boundary to the ceiling axis. 
(2) For Mode A4 and Mode A5, the design points, c31, c33 and d24, are finally 
chosen as the preferred design points. The three design points are also satisfied the 
constrain conditions. Hence, supply air angles, 30° and 45°, are recommended for the 
luggage structure of Bin 1 when the ceiling inlets are arranged from the ceiling 
boundary to the ceiling axis. 
The traditional design condition in Mode A1, S60, is specially recommended for 
its good performance. It is a pity that its min( )  is little bigger than those of c31, 
c33 and d24. 
Table 3 Chosen optimal points for Bin 1 
No. ID min( ) /s  min PMV  l / mm a / ° ΔTH ≤2℃ ΔTV ≤2.8℃ 
1 a22 106.21 0.33 532 -30° 0.86 3.31 
2 a28 109.96 0.33 475 -30° 0.78 3.79 
3 a29 110.82 0.32 440 -30° 0.99 4.37 
4 a30 107.57 0.34 512 -30° 0.81 3.83 
5 b28 116.50 0.33 510 0° 2.39 3.90 
6 b29 115.22 0.33 612 0° 1.10 4.50 
7 b31 117.93 0.34 549 0° 1.28 4.19 
8 b34 116.58 0.31 590 0° 2.03 3.85 
9 c28 110.94 0.16 305 30° 1.28 4.12 
10 c30 93.24 0.21 231 30° 3.82 4.43 
11 c31 104.69 0.17 569 30° 1.55 2.68 
12 c33 95.32 0.23 219 30° 0.72 2.55 
13 d24 93.04 0.13 355 45° 1.43 2.10 
14 d29 101.74 0.20 280 45° 3.20 2.88 
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15 d32 99.30 0.23 317 45° 1.64 4.72 
16 d33 100.75 0.24 330 45° 1.72 3.12 
17 S30 95.92 0.32 / 30° 1.07 3.50 
18 S45 121.68 0.37 / 45° 1.71 4.18 
19 S60 119.49 0.32 / 60° 0.89 2.60 
 
According to the above analysis and comparison, the four referred design points 
are c31, c33 and d24 and S60, are finally recommended for the first luggage bin 
structure. The design positions and simulation results are shown in Fig.12.  
If the other interior design constraints are given, such as the light band location 
and the aesthetic ceiling design, and then these preferred design points can be refined 
further to satisfy all design requirements. 
    
 (a) c31 
    
(b) c33 
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(c) d24 
    
(d) S60 
Fig.12 Simulation results of the preferred design points for Bin 1 
5.2 Solution set 2 of Bin 2 
This optimization procedure conducted 7 generations and nearly 40 CFD 
calculations in every case from Mode B2 to Mode B5. Fig.13(a) ~ Fig.13(d) show the 
optimization results of Bin 2 when α=-30°, 0°, 30°and 45°, respectively.  
From Fig.13, the following conclusions can be drawn. The optimal points are 
A23, A27, A31 and A33 in Fig.13(a). The optimal points are B22, B23, B24 and B33 
in Fig.13(b). The optimal points are C24, C25, C28 and C30 in Fig.13(c). The optimal 
points are D20, D21, D25 and D26 in Fig.13(d). The chosen optimal points should be 
further refined by using the constrain conditions of ΔTH and ΔTV. The information is 
shown in Fig.14 and listed in Table 4. 
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Fig.13 2-D scatter plot of solution set 2 of Bin 2 
 
Fig.14 Conditions of ΔTH and ΔTV for the chosen optimal points. 
Table 4 Chosen optimal points for Bin 2 
No. ID min( ) /s  min PMV  l / mm a / ° ΔTH ≤2℃ ΔTV ≤2.8℃ 
1 A23 99.30 0.28 186 -30° 1.79 2.01 
2 A27 93.88 0.34 10 -30° 3.33 1.67 
3 A31 99.08 0.32 262 -30° 1.88 2.47 
4 A33 100.05 0.34 549 -30° 0.51 3.03 
5 B22 96.60 0.31 52 0° 1.68 4.35 
6 B23 101.40 0.35 291 0° 2.01 2.88 
7 B24 101.19 0.27 81 0° 1.24 2.72 
8 B33 99.81 0.35 38 0° 3.76 2.26 
9 C24 95.72 0.23 586 30° 1.64 2.76 
10 C25 104.25 0.20 447 30° 2.06 2.72 
11 C28 103.64 0.28 170 30° 1.39 1.76 
0.0
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12 C30 108.30 0.26 490 30° 1.63 2.22 
13 D20 101.26 0.16 123 45° 1.21 2.75 
14 D21 92.84 0.22 146 45° 0.48 5.78 
15 D25 103.91 0.18 158 45° 0.83 1.97 
16 D26 101.00 0.25 468 45° 1.36 2.38 
17 S30 100.94 0.30 / 30° 2.45 2.07 
18 S45 130.57 0.37 / 45° 1.47 4.00 
19 S60 115.87 0.29 / 60° 1.41 2.05 
 
From Fig.14 and Table 4, we can observe that: 
(1) A23 and A31 in Mode B2 satisfy the requirements. For Mode B3, only B24 
satisfies the requirements. But because its supply air directly blows to the passengers 
near the aisle, it will cause a strong draft sensation. Therefore, this operating condition 
is not recommended. 
(2) For Mode B4 and Mode B5, the design points, C24, C28, C30, D25 and D26, 
are finally chosen as the preferred design points. In addition, the results of C30 and 
D26 are very similar. C28 and D25 are very similar. These design points are all 
satisfied the constrain conditions.  
(3) The traditional design point in Mode 1, S60, is specially recommended for its 
good performance. It is a pity that its min( )  is little bigger than the other chosen 
points.  
According to the above analysis and comparison, the following referred design 
points are finally recommended for the second luggage bin structure, and they are A23, 
A31, C24, C28, C30, D25, D26 and S60. Considering the similar air distribution 
performance, the design positions and simulation results of only A31, C24, C30, D25 
and S60 are given in Fig.15.  
    
(a) c24 
30 
 
    
(b) c30 
    
(c) d25  
    
(d) S60 
Fig.15 Simulation results of the preferred design points for Bin 2. 
If the other interior design constraints are given, such as the light band location 
and the aesthetic design for the ceiling, these preferred design points can be further 
refined to satisfy all design requirements.  
5.3 Discussion on constraint of aesthetic lighting design 
The above optimization results can provide necessary support for the further 
31 
 
design of air distribution system if the other interior aesthetic design constraints are 
given. In this section, an implement example will be used to explain the application of 
optimization results.  
Fig.16(a) shows a single-aisle B737-800 aircraft with the luggage bin of Bin 2. 
In order to improve its cabin aesthetic effect, the ceiling boundary is designed with 
aesthetic light bands. Hence, the ceiling is divided into three zones in its front and 
back, respectively. The strips of light bands are separately arranged on both sides of 
the cabin in Zone 1 and Zone 3. The long elliptical light band is centrally arranged in 
Zone 2 and it will produce soft blue lighting. 
We can pick up the optimal design solution from Section 5.2. The preferred 
design points, A23, C28 and D25, can be recommended to be applied in Zone 1 and 
Zone 3. The preferred design points, C24 and D26, can be recommended to be applied 
in Zone 2. Fig.16 (b) gives the flow field distributions in the cabin when C24 is 
adopted in Zone 2 and D25 is adopted in Zone 1 and 3. 
Light
Zone 1 Zone 2 Zone 3
Possible installation interval for inlets
Ceiling 
boundary
 
(a) Aesthetic lighting design in front cabin ceiling 
 
(b) Air distribution modes in different zones and their PMV simulation results 
Fig.16 Optimization results application example. 
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6 Conclusions 
The cabin interior design could greatly influence the air distribution design. The 
airflow field will be very different for individual bin structures and light bands 
positions. It is very necessary to optimize the air distribution mode. In this paper, a 
multiple-objective optimization method coupled interior design is presented to search 
the preferred air distribution modes for civil aircraft cabin. The Micro-GA method is 
adopted to solve this time-consuming CFD optimization problem. Two typical cabin 
configurations of single-aisle B737-800 aircraft are used to illustrate the optimization 
process in this paper. Some conclusions can be drawn from our study: 
(1) The objective function values keep decreasing along with the proceeding of 
optimization. The presented optimization method can efficiently promote the 
optimization procedure to obtain the optimal solution.  
(2) The range of min PMV  in the optimization cases is close, but constrain 
conditions and the value ranges of min( )  are obvious different. Hence, the 
constrain conditions and min( )  become the key indexes to choose the final 
preferred results.  
(4) For the luggage bin of Bin 1, the -30° and 0° supply air angles are not 
recommended when ceiling inlets are arranged from the ceiling boundary to the 
ceiling axis. Most of optimization points in Mode A2 and Mode A3 do not satisfy the 
constrain condition of vertical temperature difference. While the 30° and 45° supply 
air angles are recommended for the luggage structure of Bin 1. The design points, c31, 
c33 and d24, are finally chosen as the preferred design points from Mode A3 and 
Mode A4. In addition, the traditional design condition in Mode A1, S60, is also 
recommended, but its min( )  is little bigger than those of c31, c33 and d24. 
(5) For the luggage bin of Bin 2, the 0° supply air angle is not recommended 
because it will produce uncomfortable drafts feeling. Hence -30°, 30° and 45° supply 
air angles are recommended for the luggage structure of Bin 2 when ceiling inlets are 
arranged on the ceiling. The design points, A23, A31, C28, C30, D25 and D26, are 
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finally chosen as the preferred design points from Mode B2, Mode B4 and Mode B5. 
In addition, the traditional design condition in Mode B1, S60, is also recommended, 
but its min( )  is little too big.  
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